Abstract. Polyhydroxyalkanoate (PHA) is a linear polyester produced through the fermentation of sugar or lipid. Biosynthesis of PHA comprises three enzymes known as acetyl-CoA acetyltransferase (phaA), acetoacetyl-CoA reductase (phaB) and PHA synthase (phaC). Comamonas sp. is one of the strains commonly used for PHA production. In order to develop higher PHA production from bacterial respond strategy, PHA biosynthesis operon of Comamonas sp. EB172 was introduced into Escherichia coli BW25113 through a pGEM-T vector. E. coli was chosen due to the complete genome information available and the absence of depolymerisation gene, phaZ. In this study, the deletion of several single genes, which are frdC, gltA, and pta, was found to be associated with PHA metabolism activity in E. coli BW25113. P1 transduction was performed to construct multiple genes knockout. The engineered strain, E. coli BW25113 frdCgltApta::kan/pGEM'-phaCAB Co , yielded the highest PHA production at 64 wt.% with 1.4 fold higher than that of control strain of E. coli BW25113/pGEM'-phaCAB Co . This strain is potential for industrial application for higher PHA production from E. coli.
INTRODUCTION
Polyhydroxyalkanoate (PHA) or biodegradable plastic acts as intracellular carbon and energy storage material that can be found in numerous microorganisms (Steinbüchel, 2001 ). The PHA is accumulated in the cytoplasm as reserve granules under limitations of essential nutrient and in the excess of carbon source. However, the accumulated PHA can be reutilised by microorganisms as carbon and energy sources when growing conditions turn to carbon starvation. Escherichia coli (E. coli) is natively lack of PHA degradation capacity and due to the extensive studies on its genome, it is easier to manipulate the genome via metabolic engineering for specific products including PHA (Wang et al., 2009) . Therefore, it is a significant feature to introduce PHA producing operon in E. coli.
Despite the wide range of demand and applications for PHA, it has been limited by its expensive production price due to yield and substrate cost (De Paula et al., 2017) . Various strategies have been performed to enhance the PHA production either by introducing inducer, metabolic engineered microorganism or through fermentation operation (Leong et al., 2014) . There are few studies carried out on metabolic engineered strain for PHA improvement in E. coli (Jian et al., 2010 : Nikel et al., 2010 . The metabolic pathway of glucose degradation was studied to identify genes related to the PHA production ( Fig.  1 ). There are two important intermediates in PHA production, which are acetyl-CoA and Nicotinamide adenine dinucleotide phosphate (NADPH) (Leong et al., 2014) .
Previously, PHA biosynthesis genes related (phaC, phaA, and phaB) have been isolated from Comamonas sp. EB172 (Yee et al., 2012a ). The isolated genes were then cloned in one operon namely phaCAB Co operon with the promoter from Cupriavidus necator (Yee et al., 2012a) and inserted into commercially available modified cloning vector pGEM', which was then identified as pGEM'-phaCAB Co . The pGEM'-phaCAB Co was transformed into E. coli JM109 achieving 46.4% (w/w) PHA (Yee et al., 2012b) . Higher PHA production would create huge benefits for commercialisation activities especially in industrial application. In this study, pGEM'-phaCAB Co plasmid was used in Keio mutants to screen the potential genes in E. coli that influence the PHA production. Based on the finding, the engineered strain was constructed via P1 transduction technique for multiple genes knockout. 
MATERIALS AND METHODS
Strains and plasmids. E. coli wild-type (BW25113) was obtained from Yale Coli Genetic Stock Centre (USA). The strains were routinely cultivated on Luria Bertani (LB) agar containing (per litre volume); 10 g tryptone, 5 g yeast extract, 5 g NaCl and 15 g agar. Antibiotics of ampicillin and kanamycin (50 µg ml -1 ) were added to where it is necessary. Meanwhile, pGEM'-phaCAB Co plasmid was extracted using a HiYield™ Plasmid Mini Kit (RBC Bioscience, Taiwan).
Chromosomal gene deletion. All single gene deletion of E. coli BW25113 (Keio mutants) was obtained from the National Institute of Genetics, Mishima, Shizuoka, Japan. The method used to create the single gene in E. coli BW25113 was adopted from that of Datsenko and Wanner (2000) . The basic strategy used to make single gene deletion was by replacing a chromosomal sequence with a selectable antibiotic resistance that can be amplified by polymerase chain reaction (PCR) using primers with a 36-nt homology extension. This method was accomplished by the Red system including three genes (γ, β, exo) that greatly promotes enhanced rate of recombination (Datsenko and Wanner, 2000) . The Keio mutants used for single gene deletion in this study are listed in Supplementary  Table S1 . Construction of further gene knockout, kanamycin gene embedded in the chromosome, was removed through temperature sensitive plasmid, pCP20 (Datsenko and Wanner, 2000) . Each newly derived strain was verified through PCR verification using a specific set of primers (Table S1 ). PCR products were generated using a pair of primers of 56-to 70-base pair (bp) long, which included 36-to 50-bp homology extension and 20-bp priming sequence for pKD4 or PKD13 as template (Datsenko and Wanner, 2000) . The PCR products with the extension of homology sequence and kanamycin flanked by flanking repeated site (FRT) sequenced were purified and treated with DpnI.
Multiple genes knockout. Multiple genes deletion was performed by introducing good number of phage into the targeted host. Multiple genes deletion took place by recognising the PHA homologous sequence of the upstream and downstream of targeted gene to be deleted. Thus, gene deletion was done and screened for positive colony by growing the transformants onto LB plate with 50 µg mL -1 (LB+kan) kanamycin at 37°C for 18 h. The grown colonies were passage purified on the LB+kan for at least three times prior to verification using PCR. The corrected colonies were used as candidate for further gene deletion. A pGEM'-phaCAB Co was transformed into E. coli BW25113 and Keio mutants using electroporation machine (Bio-Rad Laboratories, Hercules, CA).
Inoculum preparation and PHA production.
For fermentation process, the single colony of the respective strain was inoculated into LB medium until the optical density (OD) reaches 2.0 as inoculum. The 10% (v/v) of the inoculum was transferred into 80 ml of mineral salt medium (MSM) . A 10 g l -1 of glucose was added into the medium as the sole carbon source with appropriate antibiotic (50 µg ml -1 ). Fermentation was carried out in 500 ml conical flask and incubated in a shaker incubator at 200 rpm for 24 h at 37°C.
Analytical
procedures and PHA determination. A fermentation cell pellet was rinsed with distilled water and lyophilised. Methanolysis was subjected to the lyophilised cells at 100°C for 140 min. The dissolved polymer was collected and analysed using gas chromatography (Shimadzu, GC 2014) equipped with BP1 column (SGE, UK) . Glucose concentration was analysed using Glucose C2 kit according to the manufactured procedure (Wako, Japan). Molecular weight of the samples was determined by gel permeation chromatography (GPC) on a TOSOH-HLC-8120 system with a refractive index (RI) detector using TOSOH TSK gel Super HM-M at a column temperature of 40°C. Samples were prepared by dissolving 12 mg of freeze dried cells in 2 ml of chloroform and filtered by membrane filter of 0.45 µm (Ariffin et al., 2008) .
Statistical analysis. Data were tabulated to compare the differences between each gene deletion and statistically analysed using a one-way ANOVA in a general linear model using Statistical Analysis Software (SAS) version 9.4. The mean for each measured parameter was statistically separated using Least Significance Differences Test (LSD). Statistical significances were defined as P<0.05.
RESULTS AND DISCUSSION
PHA biosynthesis of Keio strain harbouring pGEM'-phaCAB Co . PHA profiling experiment was conducted using E. coli BW25113/pGEM'-phaCAB Co for PHA production from glucose. The profiling was carried out for 48 h showing the highest accumulated PHA achieved at 46 wt.% from 10 g l -1 of glucose within 24 h. Seven genes demonstrated a positive response to the PHA improvement compared to the control strain of E. coli BW25113/pGEM'-phaCABCo (Table 1) . Highest PHA biosynthesis was obtained from ΔfocA::kan/pGEM'-phaCAB Co while the lowest PHA was observed from Δppc::kan/pGEM'-phaCAB Co , respectively. It was reported that during the deletion of ppc gene, the concentration of acetyl-CoA and oxaloacetate was lowered down, which reflected on the accumulation of PHA (Peng, 2004) . There are few genes that were not yet reported elsewhere giving a good response on the PHA production, which are fdnG, focA, gltA, and frdC genes, respectively. Three of them (fdnG, focA, and frdC) were related to anaerobic degradation mainly for biohydrogen production (Tran et al., 2014) . These genes influenced the biohydrogen production by 1.1 to 1.6 fold in E. coli BW25113 under anaerobic fermentation (Tran et al., 2014) . Meanwhile, the gltA was related to the Krebs cycle and the deletion of gltA gene in E. coli has been studied on acetate production (De Maeseneire et al., 2006) . These beneficial genes were chosen as the candidates for multiple knockouts. The deletion of all the single and multiple genes was verified via PCR application method. The expected band size of each product was evaluated. Thus, verified strain was subjected to subsequent deletion steps. Multiple genes knockout through P1 transduction. The P1 transduction was done via P1 phage technique. Several combinations were performed and PHA production was measured to evaluate its performance. The double mutation was expected to produce higher PHA production compared to the single gene deletion (Table 2) . However, some of the double mutation strains did not give an improvement in terms of PHA production and growth. Especially from focA deletion, even though it gave the highest yield from single deletion, it became unstable and gave adverse effect in the second deletion. It was reported that the fdnG and focA mutants as hosts delivered a negative factor where no PHA was observed in most of the strains. A similar situation was observed in the other study presenting the deletion of fdnG that gave an opposite effect in PHA production (Wang et al., 2012) . It was believed that the deletion of fdnG and focA influenced the nitrate respiration in E. coli metabolism, thus did not contribute to the PHA metabolism (Wang et al., 2012 (Table 3) . Maximally, 70% of glucose has been consumed after 48 h in this strain, which is almost equivalent to the control strain. The combination of these three genes deletion in PHA production has not yet been reported; however, Δpta genes knockout in E. coli has been known to have an impact on PHA production (Chang et al., 1999; Miyake et al., 2000) . Table 3 . PHA production, cell dried weight (CDW), glucose consumption and growth rate of different genes knockout in E. coli BW25113 harbouring pGEM'-phaCAB Co after 24 h fermentation. Growth and PHA production profiling. A growth profile of engineered strain E. coli BW25113 ΔfrdCgltApta::kan/pGEM'-phaCAB Co and control strain was performed to evaluate its productivity towards PHA production, respectively (Figure 2) . The growth rate of engineered strain was lower in comparison with the control strain. The low growth rate observed was due to the alteration of the E. coli metabolic flux (Maeda et al., 2008) . Meanwhile, PHA production profile was performed on the control strain and newly constructed strain (engineered strain) against a wild-type of Comamonas sp. EB172 (Figure 3 ). Even though lower growth was observed from the engineered strain, higher PHA production was obtained compared to the control and Comamonas sp. EB172 after 24 h fermentation. Lowest PHA production was observed from Comamonas sp. EB172 followed by control and engineered strain with 13, 46 and 64 wt.%, respectively. This indicates that the deletion of the key genes has enhanced the PHA production in the E. coli. This feature may create more study questions on the capability of this strain and the techniques used on other applications.
Gel permeation chromatography analysis.
The test was done to evaluate the quality of the PHA produced for the engineered strain. The molecular weight and polydiversity index are important to determine an appropriate application of PHA produced. In this study, the deletion of the genes in E. coli has influenced the PHA molecular weight where engineered strain produced 1.89 x 10 6 Da compared to the control strain with 9.12 x 10 5 Da. The result obtained was higher than the previous study by where the molecular weight accumulated by E. coli JM109 harbouring the pGEM-phaCAB was 7.4 x 10 5 Da (Table 4) . Based on this analysis, the quality of PHA produced is preferable to be used in many ranges of medical application such as tissue engineering and implantable medical devices.
This study showed that metabolic engineered E. coli BW25113 played a role in PHA production improvement depending on the genes being deleted.
Detailed investigation through microarray or real-time RT-PCR is recommended to understand the specific mechanism. The polymer produced from this study possessed a high molecular weight that may be changed by further modifications on the culture medium and applied to vary for bioplastic application. 
CONCLUSION
Some of the genes in E. coli have been identified essential in PHA production and gave a high PHA production in single deletion. However, an adverse effect was shown in consequent deletion steps except for frdC, gltA, pta genes. Some of the genes were unstable in multiple deletion. The consistent genes that showed a positive effect on the PHA production were chosen for further deletion step via P1 transduction. Based on the finding, the engineered strain E. coli BW25113 ΔfrdCgltApta::kan/pGEM'-phaCAB Co was constructed demonstrating improvement in PHA production by 64 wt.% against control at only 46 wt.% with more than 70% glucose consumption. 
